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Abstract: The total synthesis of zaragozic acid C has been achieved
by a convergent strategy, wherein the key feature of the construction of
2,8-dioxabicyclo[3.2.1]octane core structure is a simultaneous creation
of the C4 and C5 quaternary carbon centers by Sn(OTf)z-promoted
aldol coupling reaction between o-keto ester and silyl ketene thioacetal
derived from L- and D-tartaric acids, respectively.

The zaragozic acids? and squalestatins,3 fungal metabolites
recently isolated and characterized independently by researchers at
Merck and Glaxo respectively, have been shown to be picomolar
competitive inhibitors of the enzyme squalene synthase. Consequently,
they are regarded as promising lead compounds for the development of
new serum cholesterol-lowering drugs. Some members of this family
have also been found to display ras farnesyl-protein transferase
inhibitory activity,2e/4 which has implication in the development of
antitumor agents. Structurally, these molecules share a 4,6,7-
trihydroxy-2,8-dioxabicyclo[3.2.1]octane-3,4,5-tricarboxylic acid core
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Scheme 1. Retrosynthetic Analysis of Zaragozic Acid C

with an array of six stereogenic centers including contiguous
quaternary carbons, and represent considerable variations in the C1
alkyl and C6 acyl side chains. It is therefore not surprising that the
zaragozic acids (squalestatins) have elicited considerable attention from
numerous synthetic chemists. Of a variety of approaches to the densely
oxygenated 2,8-dioxabicyclo{3.2.1]Joctane ring system by devising
innovative strategies and tactics,> Nicolaou and co-workers have
recently accomplished the total synthesis of zaragozic acid A
(squalestatin S1),6 while efforts of the groups of Carreira’ and Evans8
have culminated in the total synthesis of zaragozic acid C (1).9 Herein,
we wish to report the alternative, convergent synthesis of 1
highlighting Sn(OTf);2-promoted aldol fragment coupling reaction to
join the C4-C5 bond with a simultaneous creation of the contiguous
quaternary carbon centers as the key step.

Our retrosynthetic analysis of zaragozic acid C (1) originated
from identification of L- and D-tartaric acids in the core structure, which
suggested fragment assembly aldol reaction between o-keto ester 7 and
enolate 8 or 9 as the key step (Scheme 1).10 Assessment of the
feasibility of introduction of C1 alkyl and C6 acyl side chains as well as
internal ketalization would make this strategy highly convergent and
efficient, in that the use of protecting groups and oxidation state
manipulations could theoretically be minimized.

Table 1. Sn(OTf),-Promoted Aldol Coupling of Silyl Ketene
Thioacetal 10 or 11 with o-Keto Ester 12

<
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o__0 Sn(OTf),, EICN  MeSOC™:

o

silyl ketene thioacetal aldol adducts
temp, °C time, h
X Y yield, % 13 : 5-epi-13°
10 SMe OTMS -70 1.5 90 1:22
11 OTMS SMe -55 1 36 1:10

“ The ratio was determined by 'H NMR analysis of the crude mixture.

With regard to the aldol reactions associated with our scenario,!!
Kobayashi and co-workers recently reported highly diastereoselective
aldol reactions of silyl ketene thioacetals with a-keto esters by
employing Sn(OTf); or EtpAlOTS as a promoter, wherein the syn:anti
stereoselectivity was controlled by the geometry of silyl ketene
thioacetals.14 Thus, we decided to apply Kobayashi's protocol to this
key reaction. After considerable experimentation,3 it was found that
aldol reaction of (Z) silyl ketene thioacetal 1016 with a-keto ester
12,18 prepared from the D-tartrate and its L-counterpart respectively, in
propionitrile in the presence of Sn(OTf); at -70 °C proceeded smoothly
to give two out of the four possible diastereomers in a 1:2.2 ratio and in
a total yield of 90% (Table 1).20 The stereochemical assignments of
each of the easily separable diastereomers followed from 1H NOE
experiments of their derived P-lactones coupled with subsequent
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)ﬂo OBn
14: R = B-CO,Et (NOE 0%)
5-epi14: R = a-COLEt (NOE 13%)

13: X = OH, Y = CO,Et
5-epi-13: X = COLEL, Y = OH

15: X = OH, Y = CO,Et
5-epi-15: X = CO4EL, Y = OH

Scheme 2. Stereochemical Assignment of 13 and 5-epi-13
Reagents and conditions: (a) HQ(OCOCF3),, MeCN. (b) KyCOs3,
MeOH. (¢} Hy, 10% Pd/C, MeOH. (d) DMAP, MeCN

formation of the y-lactones (Scheme 2), which established that both of
the diastereomers possessed the proper configuration at C4 and the
desired isomer 13 was a minor product. On the other hand, the aldol
coupling involving (E) silyl ketene thioacetal 1116 did not take place at
-70 °C but proceeded reluctantly at -55 °C to give a complex mixture of
products, from which a 1:10 ratio of diastereomers favoring the
undesired C5 epimer of 13 was obtained in 36% yield. These results
showed that Sn(OTf)-mediated aldol reactions occurred exclusively on
the less hindered si-face of silyl ketene acetal 10 or 11 to create the
proper configuration at C4, whereas o-keto ester 12 exhibited si-facial
selectivity, though the magnitude was highly dependent on the
geometry of ketene acetals, to disfavor formation of the desired
product; (Z) silyl ketene thioacetal 10 provided a definite advantage
over its (E) counterpart 11 in terms of yield and the ratio of the desired
product.

SYNLETT

Encouraged by a high yield of this reaction coupled with virtually
complete diastereofacial selectivity of (Z) silyl ketene thioacetal 10, we
sought to improve the stereoselectivity at C5 on the prospect that ®-
facial selectivity of the carbonyl in o-keto ester might be reversed by
judicious choice of protecting groups imparted to each reaction
partner.2] Some representative results are summarized in Table 2,
which deserve some comments. While the acetal moiety in o-keto
esters showed a little influence on the carbonyl facial selectivity, the
ratio of the desired product to the undesired C5 epimer slightly
increased with the pentylidene acetal 17 (entry 3 vs 1, 2 and 4). With
regard to the acetal protection in ketene acetals, exceptionally high order
of selectivity for the undesired CS5 epimer was obtained with methylene
acetal 21, little variation being observed with isopropylidene and
pentylidene acetals 10 and 22 (entry 5 vs 3 and 6). Switching
protection of the primary alcohol in 17 from benzyl ether to terz-
butyldiphenylsilyl ether led to the predominant formation of the
undesired 5-epi-28 (entry 3 vs 7), suggesting that the chelating ability
of the oxygen atom might be responsible for the desired n-facial
selectivity. Although the positive proof of this was provided by
turnover of the product ratio with the synthetically advantageous MEM
ether protection, the ratio was 1.6:1 (entry 8). While the mechanistic
profile is not clear at present,!42 these data show that the present
fragment assembly aldol reactions are not necessarily nonselective;
unfortunately the undesired isomer can be given as a major or sole
product, whereas there is great room for improvement in the
stereoselectivity favoring the desired product.22

Aside from this stereochemical problem, we then proceeded to the
elaboration of the target molecule (Scheme 3). The thioester 29,
obtained by taking advantage of the best combination of protecting
groups thus far screened for the aldol reaction, was converted to the
methyl ester 30 via Hg(OCOCF3);-mediated methanolysis24 in 82%
yield, which underwent sequential debenzylation, oxidation, and
esterification with diazomethane to give the triester 32 in 88% yield.
Selective removal of the MEM ether in 32 with TMSCI-NalI25 was
followed by protection of the CS5 tertiary alcohol with TMS group via
two-step bissilylation-monodesilylation sequence to afford the alcohol
34 in 70% yield, which upon Dess-Martin oxidation furnished the

Table 2. Sn(OTf),-Promoted Aldol Coupling between a-Keto Ester and Silyl Ketene Thioacetal

R‘XR' OTMS H
) 0 . MeS OBn Sn(OTM), (2.0 equiv) E10,C )
EtOZC\n/'——k/OR + o o EtCN, -70°C,15h MeSOC™=
o}
(o] R3XR3 (2.0 equiv) 3)(0
12, 16-20 10,21, 22 R o
13, 23-29 5-epi13, 23-29
" o-keto ester silyl ketene thioacetal aldol adducts
entry
R! R? R* yield, %  ratio®
1 12 Me Bn 10 Me 13 90 1:22 OB
n
2 16 H Bn 10 Me 23 49 1:26 re face
3 17 Et Bn 10 Me 24 90 1:13 TMSO Jo
4 18 »nPr Bn 10 Me 25 72 1:21 Mes” | R 0
5 17 Et Bn 21 H 26 65 1:>20 Si face ’
6 17 Et Bn 22 Et 27 67 1:19
o-keto ester
7 19 Et TBDPS 10 Me 28 45 1:5
8 20 Et MEM 10 Me 29 83 16:1

4 The ratio was determined by 'H NMR analysis of the crude mixture
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Scheme 3. Reagents and conditions: (a) HQ{OCOCF;),, MeOH, reflux, 4 h, 82%. (b) Hy, 10% Pd/C, MeOH, 17 h. (c) Dess-Martin periodinane, CH,Cl,, 1.5 h.
(d) NaClO,, NaH,PQ4, 2-methyl-2-butene, +-BuOH, Hy0, 5 h. (e} CH,oN,, Et,0, 0 °C, 10 min, 88% (4 steps). (f) TMSCI, Nal, MeCN, 0 °C, 1 h, 88%. (g)
MeN(TMS)COCF3, 90 °C, 2 h. (h) 10% aq. HCI, Et,0, 1.5 h, 79% (2 steps). (i} Dess-Martin periodinane, CH,Cl,, 1 h, 98%. (j) 36, n-BuLi, THF, -78 °C, 0.5 h,
then 38, -78 °C, 1 h. (k) Dess-Martin periodinane, CH,Clp, 10 h, 79% (2 steps). () Hp, 10% Pd/C, AcOEt, 10 min, 87%. (m) 90% aq. TFA, 15 h, 68% of 38
and 7% of 39. (n) 1N KOH, 1,4-dioxane, reflux, 24 h. (o) N,N-diisopropyl-C-tert-butylisourea, CH,Clp, 24 h, 40% (2 steps). (p) Ho, 10% Pd/C, MeOH, 34 h,
86%. (q) Ac20, DMAP, CH,Cly, 0.5 h, 85%. (r) K,CO3, MeOH, 1 h, 91%. (s) (Boc),O, 4-pyrrolidinopyridine, EtaN, CH,Cly, 0 °C, 12 h, 71%. (1) 2, DCC,

DMAP, CH,Clo, 48 h, 85%. (u) TFA, CH,Cl, 16 h, quant.

aldehyde 35 in 98% yield, with no sign of o-epimerization next to the
aldehyde. Installation of the C1 alkyl appendage was uneventfully
achieved by addition of the lithium acetylide derived from 3626 to 35,
whereas addition of the corresponding alkyllithium or the Grignard
reagent afforded a complex mixture of products due probably to the
attack on the ester functionality. Subsequent oxidation followed by
catalytic hydrogenation of a triple bond furnished the ketone 37 in 69%
overall yield from 35. Crucial internal ketalization via removal of the
TMS and acetal groups was performed by exposure of 37 to 90%
aqueous TFA to afford the bicyclic core 38 in 68% yield, along with
7% of the structural isomer 39. Since we could not observe equilibra-
tion between 38 and 39 under the present reaction conditions,
predominant formation of 38 via attack of the rapidly deprotected C5
hydroxy group on the carbonyl might be ascribed to more facile
deprotection of C6,C7 pentylidene acetal than hydrolysis of C3,C4
isopropylidene acetal as monitored by TLC analysis.??-% Saponifica-
tion of 38 and subsequent esterification with N,N’-diisopropyl-O-tert-
butylisourea?f:27 afforded the tris(tert-butyl) ester 40 in 40% yield.
Hydrogenolysis of the C4' benzyl ether and subsequent peracetylation
produced the triacetate 42 in 73% yield, which intersected Carreira’s
synthesis of zaragozic acid C.7-28 Thus, completion of the synthesis
was uneventfully accomplished according to the felicitous method of
Carreira.”d The synthetic material 1, [a]p23 +9.4° (¢ 0.30, EtOH)
[1it.,2b [a]p20 +9.6° (¢ 0.29, EtOH)], obtained as a colorless
amorphous solid exhibited identical spectroscopic data with those
reported for natural zaragozic acid C (IR, IH NMR, 13C NMR,
HRMS).2b

In summary, we have achieved the total synthesis of zaragozic
acid C in a highly convergent manner. Efforts directed at improving
the stereoselectivity of a key fragment assembly aldol process as well
as a second-generation synthesis of zaragozic acids are currently
underway.
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